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The final manufacturing process for silicon wafers includes a chemo-
mechanical polishing step. This process gives the silicon wafer its mirror 
finish, but potentially leaves a thin layer of structurally damaged silicon 
at the wafer surface. There is at present some concern in the integrated 
circuit industry that circuit yield and performance in shallow junction, 
highly integrated MOS IC devices, often with gate oxide thickness in the 
100 to 250 Angstrom range, are harmed by such residual damage on incoming 
wafers. Rather than being completely eliminated by the anneal cycles of 
the subsequent processing, regions of structural damage on the surface 
(i.e., polishing damage, scratches, saw marks) have been reported to 
function as local nucleating sites for stacking faults during oxidation 
[1]. Similarly, localized surface flaws in the form of minute pits in the 
silicon surface are found to provide preferential sites for defect 
generation during dopant diffusion [2]. Also, recent studies by Kugimiya 
and coworkers have shown that some types of surface defects such as 
polishing marks, dimples, etc., survive various IC fabrication processes 
and result in reduced yield [3]. 
Previous efforts to characterize polished wafer surfaces have employed 
the techniques of x-ray topography [4], infrared photoelasticity [5,6), 
preferential etching, x-ray rocking curve [6,7] and x-ray diffuse 
scattering [8-10]. However, these techniques have been of limited use due 
to complexity or lack of sensitivity or reproducibility. Thus, there is a 
need for a noncontact, nondestructive surface characterization tool with 
good sensitivity and flexible, rapid mapping capability. 
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EXPERIMENTAL METHODOLOGY 
The experiments described in this paper were performed with a 
commercial system that utilizes the laser-induced modulated reflectance 
technique [11]. Figure 1 depicts the basic optical arrangement in this 
system. 
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Fig. 1. Schematic depiction of apparatus used for performing laser-
induced modulated reflectance measurements. 
The 488-nm beam of a 35 mV Ar-ion laser is intensity-modulated in the 1-10 
MHz frequency range with an acousto-optic modulator. The pump beam is then 
directed through a beam expander and focused to an - 1 micron diameter spot 
on the sample with a sample incident power of - 10 mV. The 633-nm beam of 
a 5-mV He-Ne laser, the probe beam, is directed through a beam expander, a 
polarizing beam splitter and quarterwave plate, reflected off a dichroic 
mirror and focused collinearly with the Ar-ion pump beam onto a 1 micron 
diameter spot on the sample with an incid-ent power of - 3 mW. The two 
laser spots are thus coincident on the sample surface. The 633-nm probe 
beam undergoes a small modulation in its reflected power as a result of 
the pump beam-induced variation in the local optical refractive index of 
the sample at the probe beam wavelength. The retroreflected probe beam 
passes through the quarterwave plate again; since its polarization is now 
rotated 90 degrees with respect to the incoming beam from the He-Ne laser, 
the retroreflected beam is directed by the polarizing beam splitter to the 
photodetector, which measures the high frequency induced modulation in the 
reflected probe beam power. The photodetector, which is shielded from any 
modulated pump laser light by suitable blocking filters, is purposely 
underfilled by the probe beam that strikes its surface. This is done so 
that the photodetector measures only modulations in the probe reflected 
power and is insensitive to the small variations in probe beam size or 
reflected angle that can also occur from thermal lens and thermoelastic 
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deformation effects at the sample surface [12]. The probe beam reflectance 
modulations are measured with a phase-sensitive synchronous detection 
system capable of measuring reflectance changes at 1-10 MHz frequencies as 
small as 10-7i/Hz. Most ~ilicon samples produce modulated reflectance 
signals in the 10-4 - 10- range and thus are readily measured with this 
equipment . 
Absorption of the modulated Ar-ion pump beam by a semiconductor such 
as Si results in the generation of both thermal and plasma waves [13]. 
These waves are detected by the probe He-Ne laser through the pump-induced 
modulation of the sample reflectivity at the wavelength of the probe laser 
[13-15]. The modulated reflectance signal is a sensitive measure of the 
amount of lattice damage or disorder in the bulk crystal and of the 
presence of defect surface states [16]. Previously, modulated reflectance 
measurements have proven to be effective as a production monitor of ion 
implanted dose and dose uniformity [17-18]. In that application, the 
modulated reflectance technique measures the total damage induced by the 
ion beam. The sensitivity of this method permits measurement down to 
extremely low ion doses (< 1x1010 ions/cm2 ) which represent a very 
small degree of damage. The objective of the present study is to apply 
this method to examine the level of damage induced into the wafer 
(inadvertantly) by the polishing process. 
YAFER MAPPING 
Full wafer contour mapping is available with the Therma-Probe system. 
In the mapping procedure for each wafer, the modulated reflectance signal 
is automatically measured at 137 sites uniformly distributed over the wafer 
and the data displayed as a contour map, two examples of which are shown in 
Fig. 2. 
(a) 
AVERAGE ~/R SIGNAL: 1.53Xl0- 3 
STANDARD DEVIATION: 5.97% 
(b) 
AVERAGE ~/R SIGNAL: 3.4Xl0- 4 
STANDARD DEVIATION: 0.92% 
Fig. 2 . (a) Modulated re f lectance map of a Si wafer exhibiting a highly 
damaged surface region from the po1ishing process as indicat ed 
by the large 6R/R signal. Note the substantial nonuni f ormity 
aros s this wafer, indicated hy the large standard dev i ation 
(h ) Modulated reflectance map of a Si wafer exhibit ing minimal 
damage frorn the polishing proce s s , as indicated by the low 6R/R 
signal. 
In these maps the +, - and square symbols represent sites having a 
modulated reflectance signal greater than, less than, or within 1/4% of 
the average signal on the wafer, respectively. The bold line represents 
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the average modulated reflectance, âR/R, value on the wafer, and the 
contour interval is selected appropriately. Each map datum is the average 
modulated reflectance signal from a 2.5-mm scan across the wafer surface at 
that particular location. 
As an example of the reproducibility of the modulated reflectance 
data, we show in Fig. 3 the results from three successive maps made from 
the same wafer. The wafer was unloaded and reloaded into the Therma-Probe 
system for each map. As shown in Fig. 3a, this wafer bas a high average 
âR/R signal (l.Olxl0-3 ) as well as a substantial nonuniformity (4.86% 
standard deviation) in the form of a linear gradient with higher damage on 
the left side of the wafer. Note that the map pattern is reproduced very 
well in the remap in Fig. 3b. Furthermore, to explicitly demonstrate that 
the observed pattern originates entirely within the wafer and is not an 
artifact of the Therma-Probe system, we show in Fig. 3c a map taken after 
rotating this same wafer 90 degrees in the clockwise direction. Again the 
same map pattern (rotated) is obtained . The âR/R signal values from these 
three maps are within 0.4% of each other. The time required to measure a 
standard Therma-Probe map such as shown above is approximately 5 min. and 
no special preparation or processing of the wafer is required. 
(a) 
AVERAGE âR/R SI GNAL: l.Ol Xl0-3 
STANDARD DEVIATION: 4.86% 
(b) 
AVERAGE AR/R SI GNAL: l.OOXl0-3 
STANDARD DEVIATION: 4.80% 
ACTUAL 
FLAT 
POS I TION-
(c) 
AVERAGE âR/R SIGNAL: l.OlXl0- 3 
STANDARD DEVIATION: 5.02% 
Fig. 3. (a) ~R/R map of silicon wafer. (b) Remap of the wafer as i n 
(a ), showi ng good reproducibility of ~R/R signal and map 
pattern . ( c ) Remap of the wafer as in (a), bu t with the wafe r 
rotated by 90 degr ees in the clockwise direction. 
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RESULTS AND DISCUSSION 
The variation of the modulated reflectance signal measured over the 
surfaces of two wafers is shown by the maps in Fig. 2. The map in Fig. 2a 
is an exfmple of a wafer having a relatively large 6R/R signal 
(1.5x10- ) indicating extensive polishing damage and also showing a 
large variation in the damage across the wafer, indicated by the standard 
deviation of 5.97 %. On the other hand, the low 6R/R signal 
(3.4x10-4) and standard deviation (0.93%) on the wafer mapped in 
Fig. 2b are typical for a wafer having minimal detectable damage over the 
entire wafer. 
An important result from these experiments is that a modulated 
reflectance signal of - 3x10-4 is consistently measured on wafers 
having "damage free" surface quality. It appears that this value 
represents a lower limit for high-quality silicon surfaces. These low 6R/R 
values are consistently measured on wafers processed through a low-damage 
polishing process, as well as on wafers that have undergone thermal 
oxidation followed by wet chemical removal of the oxide layer. This 
finding is consistent with results from studies of pre-anneal and 
post-anneal ion implanted silicon wafers [17]. This result is also in 
agreement with theoretical modeling that undamaged silicon will exhibit the 
lowest modulated reflectance signal [13]. Thus, the polished incoming 
wafer in Fig. 2b appears to have a negligible level of polishing damage, 
while that of the wafer in Fig. 2a appears to be very high. As will be 
discussed in a later section, the 6R/R signal from wafers exhibiting high 
polishing damage is comparable to that obtained from low-dose ion implants. 
To characterize the polishing damage on standard incoming silicon 
wafers, product-grade polished wafers with <100> and <111> orientation were 
obtained from four different silicon vendors and mapped on a Therma-Probe 
system. Table 1 below shows the modulated reflectance signal data obtained 
on these wafers. 
Table 1. -5 Average modu~ated reflectance, 6R/R, signal (x10 ) 
versus wafer type and polishing method. Standard deviation 
values in percent indicating variation of 6R/R signal across 
the wafer are given in parenthesis. 
Yafer Incoming Repolished Repolished Repolished 
Type as is only by A only by B by A then B 
A 94-160 203 32.7 32.6 
(2%-5%) (2.3%) (0.82%) (0.84%) 
B 29-33 147 32.7 32.2 
(0.3%-0.6%) (2.1%) (0.85%) (0.89%) 
c 40-43 226 33.3 32.2 
(2%-3%) (2%) (0.77%) (0.67%) 
D 85-107 148 32.8 31.8 
(2%-12%) (2.6%) (0.67%) (0.6%) 
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The data in column 2 show that a large variation in signal was found from 
vendor to vendor. Vendor B wafers consistently show quite low âR/R signals 
indicating negligible polishing damage. The wafers from vendor C tend to 
exhibit somewhat higher levels of damage. On the other hand wafers from 
vendors A and D consistently show quite high âR/R values, indicating 
substantial residual polishing damage. In addition, a considerable spread 
in âR/R signals is found on wafers from vendors A and D, indicating 
variability in the polishing process. However, âR/R signals from vendors B 
and C are tightly clustered, indicating better control of the polishing 
process. 
Vhen a set of A, B, C and D wafer samples have been simultaneously 
repolished by vendor A (column 3, Table 1), the AR/R data show the typical 
large values otherwise only seen on the incoming vendor A wafers. 
Similarly, a second set of A, B, C and D wafers was repolished by vendor B 
and the results (column 4) on these wafers show the typical low values 
otherwise seen only on the incoming vendor B wafers. Finally, a third set 
of A, B, C and D wafers was polished first by vendor A, resulting in high 
âR/R signals, then repolished by vendor B who removed roughly 250 microns 
of silicon to assure that the surface region was influenced only by the 
last polishing process. Again the âR/R data from these wafers (column 5) 
show the low values indicative of the low-damage polishing process of 
vendor B. 
As discussed in the previous section, variations in the AR/R signal 
measured on polished silicon wafers can be caused by differences in the 
wafer polishing technique. One particular way in which the methods may 
differ is in the use of a scrubbing step in the final cleaning cycle. To 
examine the impact of the scrubbing step on the wafer surface quality, a 
further experiment was performed. The objective was to test whether the 
Therma-Probe system could detect a change in the surface damage due to a 
standard automated scrubbing cycle. 
A group of wafers was polished together in the same process and then 
separated into three groups. One group received a 20 - 30 sec. brush 
scrubbing cycle and a second group received a 20 - 30 sec. scrubbing by 
high-pressure water jet. The third group received no scrubbing. 
The results, plotted in Fi~. 4, show that the scrubbing cycle increases the 
AR/R signal by about 5x10- , thus indicating that both the brush and jet scrubbing processes further damage the silicon surface. 
Ve realize that, for the manufacturing of silicon wafers, there is a 
general belief that some type of mechanical scrubbing is beneficia! in 
removing particulates and stain from the wafer surface. However, with the 
ever more stringent requirements for damage-free surface regions as 
discussed in the introduction, this requirement for scrubbing must be 
scrutinized carefully. 
Finally, we are able to make a connection between the damage induced 
by polishing and the lattice damage induced by ion implantation. In 
Fig. 5, we plot the âR/R signal data from Table 1 along with the âR/R 
signal from maps on five silicon wafers implantre with boffn ions at an ion 
energy of 50 keV. The implanted doses are 1x10 to 9x10 
ions/cm2 • It is of course true that the distribution of the damage with 
depth into the silicon is likely to be different for these types of damage. 
But because the âR/R signal here represents a measure of the total damage 
beneath the surface to a depth of approximately three microns, such a 
comparison can be made. Ve see that the âR/R signal from vendor A and D 
wafers, for example, indicatef an amount of damage equivalent to a B+ 
ion implantation dose of 2x10 ° to 4x1010 ions/cm 2 • 
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Fig. 4. Modulated reflectance signal for scrubbed and non-scrubbed Si 
wafers. 
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Fig. 5. Disp1ay of 11R/R signa1 for wafers which have received damage 
either from wafer po1ishing or from ion imp1antation. A1so 
plotted is the 11R/R signal for undamaged silicon. 
CONCLUSIONS 
This study demonstrates that the modulated reflectance technique is a 
highly effective means for characterizing polished silicon surfaces. This 
analysis method is noncontact and nondestructive and provides rapid, 
flexible mapping capabilities. The high sensitivity of the modulated 
reflectance technique makes it possible to quantify the damage resulting 
not only from various polishing processes, but also from the post-polishing 
scrubbing processes as well. 
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